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NEW TECHNIQUES FOR THE DETERMINATION OF THE 
DEFORMABILITY ANDSTATE OF STRESS IN ROCK MASSES* 


RESUMO 


Apresentam-se neste trabalho as novas técnicas desenvol- 
vidas no LNEC, nos últimos anos, para a determinação 
«in situ» da deformabilidade e do estado de tensão em ma- 
ciços rochosos, 

Quanto à detormabilidade, apresenta-se um dilatômetro 
para furos de sondagem com diâmetros de 7,6 em que pode 
ser utilizado em furos com áqua, a profundidades mesmo 
superiores a 100 m. Para o ensaio de grandes volumes de 
maciços rochosos descreve-se a técnica dos macacos planos 
delgados introduzidos em fendas abertas com um disco de 
diamante. Esta técnica permite a aplicação expedita de 
forças de milhares de toneladas a superfícies de vários 
metros quadrados. 

(duanto à determinação das tensões, descreve-se um 
defórmetro tridimensional para a determinação completa 
do estado de tensão, inicial ou induzida, por meio de 
observações efectuadas num só furo de sondagem, com 
qualquer direcção. Esta técnica pode ser empregada até 
grandes profundidades, mesmo em furos com água Men- 
ciona-se ainda a determinação do estado de tensão junto 
à superfície dos maciços ruchosos por meio de macacos 
hidráulicos delgados que se introduzem em fendas abertas 
com discos de diamante. 

Apresentam-se os resultados da aplicação de novas téc- 
nicas de laburatório e de campo, que permitem apreciar a 
fidelidade e precisão e fazem ressaltar o seu interesse prático, 


1 — INTRODUCTION 


Although rock masses generally have little 
deformability the behaviour of rigid structures, 
such as concrete dams, may depend much on 
the displacements undergone by the foundation. 
The knowledge of these displacements involves 


——- — — me mm 


By MANUEL ROCHA ** 
SYNOPSIS 


New techniques developed in recent years by the LNEC 
for the «in situ» determination of the deformability and state 
of stress in rock masses are presented, 


Regarding deformability, a dilatometer for 7,0 em diam- 
eter boreholes is presented which can be used in water filled 
boreholes down to depths that may exceed 100 m, With regard 
to the testing of large volumes of rock masses, the technique 
of thin flat jacks is described. The jacks are introduced in 
slots cut by a diamond disc. This technique allows the expe- 
ditious application of loads of thousands of tons to areas 
having several square meters, 

As to the determination of stresses, the strain tensor 
gauge is described for the complete determination of the 
state of stress, either initial or induced, by means of obser- 
vation carried out in one single borehole, drilled in any 
direction. The technique can be used down to great depths, 
even in water filled borcholes, The determination of the state 
of stress near the surface of rock masses by means of thin 


Hat jacks placed in slots cut with diamond dises is also 


referred, 

Results of the application of the new techniques, both in 
the laboratory and in the field, are given allowing to assess 
the reliabelity and accuracy of these techniques and empha- 
size their practical interest, 


the characterization of the deformability of rock 
masses. 

As it is known it is not possible except in few 
cases to characterize the deformability of rock 
masses using laboratory tests, because to be 
representative of the fracturing and heterogeneity 
usually occuring in rock masses, the specimens 


* Paper presented at the International Symposium on Rock Mechanics-Madrid-Oct. 1968. 
** Director, Laboratório Nacional de Engenharia Civil (LNEC), Lisboa. 
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would have to be too large. Even the usual «in 
situ» jackloading tests do not yield in most cases 
satisfactory results because the rock mass in the 
tested zone is disturbed by the excavation and 
because the tested volumes are not yet represen- 
tative of the rock mass. 

To avoid these difficulties we developed the 
new thin flat jack technique described later, which 
allows the quick testing of large undisturbed 
volumes (Rocha, 1966)**. 

Furthermore, the determination of the deform- 
ability of rock masses along boreholes, even 
during the preliminary geological studies, is 
recognized of great interest. So, we built a 
dilatometer which can operate in holes having a 
usual diameter in site investigations (Rocha, 
Silveira, Grossmann and Oliveira, 1966). 

The way we now consider advisable to follow 
in the study of the deformability of a rock mass 
is: i) determination with the dilatometer of the 
deformability amd zonation of the rock mass 
according the results obtained ; ii) determination 
of the deformability of each zone by means of 
tests on large volumes with thin flat jacks; and 
iii) establishment of the correlation between the 
dilatometer test results and those of the flat 
jack tests in order to try to reduce the number 
of the latter and also to extend the information 
supplied by them to the zones of the rock mass 
which were only tested with the dilatometer. 


In the study of a foundation it is also useful 
to know the initial state of stress of the rock 
mass, in addition to the usual characterization 
of the deformability and shear strength. The 
lack of expedite reliable methods to determine 
the initial state of stress is the reason, in our 
opinion, why it has not been considered as 
generally as it should. So, regarding foundation 
problems, which are the aim of the present 
Symposium, the initial state of stress may be of 
interest in the study of the rock mass shear 
strength, as this strength depends on the normal 
initial stress ; in the assessment of the possibility 
of the occurrence of cracks in the rock mass 
when tensile stresses develop on account of the 
structure action (problem of the watertightness 
of grouting curtains); in the investigation of 
the occurrence of slabbing phenomena and rock 


“* See bibliography at the end of the paper. 
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bursts, particularly at the bottom of deep, narrow 
valleys ; etc. 

The technique we developed for the complete 
determination of the state of stress, either initial 
or induced, by means of observations in one 
single borehole (Rocha, 1966) is referred further 
on. The possibility of determining initial stresses 
near the surface by means of thin flat jacks, 
either simultaneously with the determination of 
the deformability through the test technique on 
large volumes already mentioned or through a 
similar technique (Rocha, Lopes and Silva, 1966) 
is also considered later. 

In the present paper the different testing 
methods mentioned are briefly described and 
some results showing their interest are presented. 


2 — DETERMINATION OF ROCK MASS 
DEFORMABILITY 


2.1 — Dilatometer 


The dilatometer developed by the LNEC was 
designed to meet the following requeriments : i) 
to be used in boreholes with a usual diameter in 
site investigations; the diameter considered was 
76 mm; ii) to operate in holes with water ; iii) 
to be used down to great depths, even above 
100 m; iv) to apply radial pressures to the bore- 
hole wall up to 150 kg/cm*; and v) to enable the 
measurement of deformations of four diameters 
at 45º with one another, to obtain information 
about the anisotropy of the rock mass. Besides 
it can de used in holes drilled in any direction, 
even horizontal. 

Fig. 1 shows, schematically, a longitudinal sec- 
tion of the dilatometer as it is constructed now. 
The external diameter of the apparatus in the 
zone that applies the pressure is 74 mm, which 
corresponds to a clearance of 2 mm in relation 
to the diameter of the borehole; the diameter of 
the ends can be changed by means of rings with 
diameters adequate to the actual diameter of the 
borehole. By pumping water between the rubber 
membrane and the steel cylinder the wall of the 
hole is submitted to a uniform radial pressure, 
over a length of 54.5 cm. Once a test has been 
performed, to take the dilatometer out or to place 
it in a new test position one must take out the 
water which has been introduced to apply the 
pressure. This is done by a relief valve operated 
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Fig. 1 


by compressed air. The dilatometer is introduced 
into the borehole connected to steel rods which 
allow the depth and azimuth of the apparatus to 
be known. 

To measure the deformations undergone by 
the four diameters at 45º differential trans- 
ducers with a measuring range of about 5 mm and 
an accuracy of about 1 » are used. The coil and 
core of each transducer are connected to steel 
rods the ends of which establish the borehole 
wall, 

Fig. 2 shows the dilatometer, which weighs 12 
kg, being lowered into a borehole and the equip- 
ment needed for its operation. 
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The accuracy and reliability of the measure- 
ments made with the dilatometer manufactured 
by the LNEC have been assessed by tests carried 
out inside steel pipes. In these tests deformations 
read by the dilatometers are compared with the 
corresponding external diameters deformations, 
also read by differential transducers (Fig. 3). 
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As a rule the program of the tests to be per- 
formed with the dilatometer depends on the prob- 
lem to be solved and on the nature of the rock 
mass. It is usually advisable to carry out several 
loading/unloading cycles, to measure the defor- 
mations for different pressure values and to 
observe the creep of the rock mass under the 
maximum pressure values. 

Fig. 4 shows the results obtained in a point 
of one of the boreholes along which deforma- 
bility was determined with a view to the con- 
struction of an underground powerhouse, in a 
limestone rock mass. The borehole is vertical and 
the point is located at a depth of 92 m, under 75 
m of water. Deformations read by the four trans- 
ducers of the dilatometer in a series of three loa- 
ding/unloading cycles, during which a pressure 
py == 100 kg/cm? was reached, are indicated in ab- 
scisse. The shape of the diagramas is rather regular 
and the cycles following the first are almost coinci- 
dent and exhibit small permanent deformations. 
The deformation undergone by the borehole for 
the different values of the pressure can be 
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observed in Fig. 5. The rock mass does not 
exhibit significant anisotropy at the point 
observed, but the shape of the curves makes 
us suspect the existance of fractures in the rock 
mass. 
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Fig. 5 
Fig. 6 concerns one of the boreholes tested in 


the course of the study of a dam site in a sedi- 
mentary rock mass constituted by limestone and 
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shale. The ellipses of the most probable defor- 
mations determined by the least square method, 
from the deformations read by the four trans- 
ducers under pressure 100 kg/cm*, are presen- 
ted for six points of the borehole whose depths 
are indicated. The position of the ellipses is re- 
lated to the geographic North of the site. For 
most of the boreholes, the values of the defor- 
mations observed show a good adjustment to an 
ellipsis. However, as the excentricity of the ellip- 
ses is small for most of the points where the 
best adjustment was found, the variation in 
direction of the axes observed from one point 
to the other should have little significance. The 
figure gives the values of the relation between 
the axes of the ellipses, which we have called 
coefficient of anisotropy. 

Accepting isotropic and elastic behaviour for 
the rock mass, its Young's modulus E may be 
calculated by the expression of the theory of 
elasticity 


2a being the borehole diameter, À the diameter 
deformation when pressure p is applied, and v 
the Poisson s ratio of the rock mass. 
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Fig. 6 


The influence of rock fractures on the defor- 
mations measured in boreholes is discussed in 
the work referred above (Rocha, Silveira, Gross- 
mann and Oliveira, 1966). 

For the test of the point at a depth of 92 m 
(Fig. 4), the mean value of the slope of the 
linear stretches of the diagrams corresponding 


to the second and third cycles is 1 = 1.2x 


>x10* kg/cm, hence E=-111000 kg/cm?, if 
v==0.2. For the other tests referred, the values 
of the modulus of deformability indicated in 
Fig. 6 were obtained, the value assumed for 
À being the mean value of the deformations 
measured in the four directions at 45º. 

The results we have been presenting illustrate 
the usefulness of the dilatometer. The experience 


already gained permits to assert the high accuracy 
and reliability under field conditions of this 
apparatus. 

As the volume of the rock mass involved in 
each test is small and therefore often not repre- 
sentative of the rock mass as regards deforma- 
bility, the problem of the meaning of the results 
arises. Besides, the dilatometer develops in the 
rock mass a complex state of stress particularly 
tensile stresses that may cause fracturing influen- 
cing deformations in a way not yet well known. 
However, as it is possible to carry out many 
tests, almost a continuous determination of the 
deformability along boreholes, and the fact that 
the drilling of the holes as a rule only gives 
rise to a minor disturbance of the rock mass, it 
should be possible, at least in some cases, to 
submit the results to statistical processing 
allowing representative values of the deforma- 
bility to be obtained. Having not yet enough 
experience to be able to form an opinion on the 
representativeness of the dilatometer tests, we 
think however that the results supplied constitute 
at least a valuable index of deformability and 
more than that a quality index of the rock mass. 
Besides, it should be stressed that there are some 
cases where only the dilatometer will make it 
possible to obtain a significant information about 
deformability. Such are the cases of points deep 
in rock masses, which can not to be reached 
by galleries, as is often the case in the study 
of tunnels and underground openings, or points 
located under river beds, etc. 


2.2 — Thin flat jacks 


The technique developed consists essencially 
(Fig. 7) in: i) opening with a diamond disc of 
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diameter d, perpendicularly to the surface of the 
rock mass, a slot or a group of slots, contiguous 
and in the same plane, with a depth h and a 
thickness t; ii) introducing a thin flat jack with 
height h-a into each slot; iii) applying the same 
pressure p in the jacks; iv) measuring the opening 
à of the slots at some points, by deformeters 
inserted in the jacks themselves; and v) deter- 
mination, based on diagrams p, 3, of deformability 
moduli. 

To cut the slots a machine was developed 
which is shown in Fig. 8. It consists essentially 
of a Im diameter, 7 mm thick diamond disc 
mounted at the end of a pipe inside which is 
located the system that transmits the rotating 
movement to the disc. The forward movement 
of the disc is guided by two columns belonging 
to the structure that allows to fix the machine 
to the rock mass. To facilitate the cutting of the 
rock an alternate movement perpendicular to the 
forward movement is given to the disc, in its 
plan. In order to allow the opening of slots deeper 
than the radius of the disc a 17cm diameter hole 
is previously drilled using the same machine, into 
which is introduced the disc supporting pipe. The 
machine allows to cut h==1.5m deep slots, and 
even greater depths can be reached using an 
extensive support pipe. 
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Fig. 9 shows the machine and the system for 
operating the oil hidraulic motor, consisting of a 
pump moved by a petrol engine. The machine 
can be fixed in any position allowing to carry 
out tests in the required direction. 
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Fig. 10 shows a flat jack being introduced 
in a slot where two others have already been 
placed. Two half cylinders are inserted into each 
borehole to support the flat jack. The height, a, 
of the unloaded area of the slots (Fig. 7) is cho- 
sen in accordance with the fracturing of the rock 
mass, so as to avoid failure near the surface 
when pressure is applied by the jacks. If the rock 
mass exhibits cavities or fractures into which the 
steel plate of the jacks may enter the slots should 
be filled with cement and the cuts repeated. 


The flat jacks that have been used are of the 
type indicated in Fig. 11. They allow the appli- 
cation of pressures even greater than 100 kg/cm'. 

Each flat jack contains four deformeters for 
measuring the opening of the slots. It is thus 
possible to obtain a mean value of the deforma- 
bility modulus and to get information about the 
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heterogeneity of the rock mass. Each deformeter 
consists of a steel blade, where electric strain 
gauges have been mounted. The deformeters used 
have different measuring ranges, according to 
the expected opening of the slot. 

The characterization of the deformability is 
made through a deformability modulus determi- 
ned by assuming elastic behaviour for the rock 
mass. Besides it is assumed that a fracture occurs 
in the rock mass in the plane of the slot when 
the pressure is applied by the flat jacks. So, the 
behaviour of the rock mass may be considered 
as the elastic behaviour of a quarter of space 
under pressure p (Fig. 12). Deformability modu- 
lus E at a point P of the slot where a deforme- 
ter is located is determined according to the 
expression 


E=c À 
ô 


ô being the slot opening measured and c a 
constant, the value of which depends on the 
position, shape and size of the area under the 
pressure py and also on the position of P. This 
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constant has the dimension of a length. Model 
tests on a large plaster block have been used to 
obtain the values of c. These tests show an 
increase of about 50º/o on the displacements of 
the center of the loaded area, when this area 
moves from a position far from the edge of the 
quarter of space (Boussinesg's solution for the 
half space) to a position contiguous to that edge. 


Fig. 12 


The accuracy and reliability of the thin flat 
jack method have been confirmed by several 
tests that led to entirely satisfactory results. 

We are going to refer in the first place results 
of tests on a very sound limestone with a high 
deformability modulus. These tests were carried 
out first in a single slot and afterwards in three 
contiguous slots, as in Fig. 7. The characteristics 
of the flat jacks used are indicated in Fig. 11, 
where h==125 cm and a=25 cm. Each slot 
1.5 m deep was cut in about fóur hours, in 
spite of the hardness of the rock. 

Slot openings at points P,, P:, P3 amd P,, 
observed in the single slot test are presented in 
Figure 13. Two loading/unloading cycles were 
carried out with the jack in the position designated 
in the figure as direct. The diagrams are more 
regular than is usual in common jackloading 
tests, even with very compact rock masses. 


P,,P; 


Point 


Fig. 13 


In order to investigate the reproductibility of 
the results tests were repeated reversing the 
position of the flat jack. The results obtained in 
these tests, at the points P,, P,, P, and P, are 
also indicated in Fig. 13. The diagrams corre- 
sponding to the same points of the slot show a 
very good reproductibility. 

Deformability moduli were calculated by the 
expression presented above, for the results 
obtained in each of the four positions of the 
deformeters. The following values corresponding 


to the average slopes E of the linear stretches 


of the four loading and unloading diagrams 
presented in Fig. 13, were obtained: 


c Pp E 
(cm) (kg cm) (kg 'cm?) 
P, P'; 302 1740 525 coo 
Pa, Pi 302 1740 525 000 
Ps P's 290 I 950 565 000 
1950 | 565000 


P, P', | 290 


Mean value 545 000 


As can be seen, the values corresponding to 
the same distance to the edge of the quarter of 
space are equal, while those corresponding to a 
greater distance are higher, as should be expected. 
The values of E show an excellent agreement 
which corfirms, on one hand, the rock homo- 
geneity expected from visual inspection and, on 
the other hand, the high reliability and accuracy 
of the technique developed. 


After cutting three new slots in the same 
limestone, three types of tests were performed: 
tests for each one of the three slots; tests for 
each one of the two sets of two contiguous 
slots; and a test for the set of the three slots. 
In the following table the values of deforma- 
bility modulus, in 10º kg/cm?, obtained from 
curves p —9, according to the criterium adopted 
above for the single slot test are presented; in 
the penultimate line are given the values corre- 
sponding to the measurements made with the 
deformeters placed at the smaller distance from 
the surface, that is, at points Pq and P» of each 
flat jack, and on the last line those regarding 
points P; and Ps. 
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One slot test 


| Three slot 


Two slot test 


1 2 3 | Mean value 1+2 | 2+3 | Mean value test 

830 815 965 870 840 | 805 822 596 

1 oBo ots | I 130 I 040 8go | 815 852 612 
Mean value | 955 | 837 | 604 


As can be seen, the values of the modulus of 
deformability are even greater than those refer- 
red previously. It was found that in all the tests 
the values of the modulus of deformability cor- 
responding to the readings made at the deepest 
points are higher. This must be due to a lower 
compacity of the rock mass near the surface. It 
should be noted besides that the values decrease 
when one changes from the one jack tests to the 
tests with two jacks, and even more markedly 
when the test is carried out with three jacks. 
This fact shows well the influence of the magni- 
tude of the volume tested on the value of the 
modulus of deformability, although we are dealing 
with a very compact rock mass. 

Time spent in a test of a single slot, including 
the fixing of the cutting machine, the cutting of 
the slot, performance of tests according to the 
program indicated, and the removal of the jack, 
from the slot, is only about 10 hours. In the case 
of three slot tests the time needed is about three 
days work. 

The test program to study the deformability 
of a rock mass depends on the problem to be 
solved and on the nature of the rock mass. First 
the total area of the slot depends on the degree 
of the heterogeneity and on the spacing of 
fracturing of the rock mass. Concerning the 
application of the pressure p the following pro- 
cedure is advisable: to perform several loading / 
/unloading cycles; to measure the slot openings 
for successive values of the pressure; and to 
observe the creep of the rock mass for the 
maximum value of the pressure and maybe for 
other values. To investigate the influence of grou- 
ting, tests can be repeated in the same slots, 
after grouting the rock mass under conditions 
similar to those occuring in the structure. 

As referred in art. 1 the location of the test 
sites should be chosen in accordance with the 
zonation of the rock mass which will be based 
on the results obtained with the dilatometer. 
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From what has been said it can be concluded 
that thin flat jacks allow the quick and economi- 
cal testing of large volumes of practically undis- 
turbed rock mass. In fact, the disturbance indu- 
ced by the cut of the slots is negligible and the 
disturbance resulting from the preparation of the 
rock surface is very small at the depths with 
influence on the slot opening and in the direction 
of the pressure applied by the jaçks. Note that 
in current jackloading tests pressures are applied 
in direction where decompression due to the pre- 
paration of de surface is more marked. 

With this new technique the difficulty usually 
met with to determine the deformability of a 
mass, particularly in so far as foundation prob- 
lems are concerned, is overcome. A paper in 
which the technique and its application are dealt 
with more fully is being prepared (Rocha and 
Silva, 1968). 


2.3 — Correlation of results 


Correlations between results obtained with the 
dilatometer and with flat jacks are of much in- 
terest. In fact, these correlations will allow: a better 
understanding of the meaning of the results sup- 
plied by the dilatometer; a reduction of the number 
of flat jack tests, more time consuming and ex- 
pensive than dilatometer tests; and the application 
of the results obtained with jack tests to the zones 
tested only with the dilatometer. 

The easiest way to obtain these correlations is 
to use the cutting machine itself to drilla 76 mm 
borehole and to perform the dilatometer tests, 
preferably at the depths at which deformeters of 
the flat jacks will be placed. Afterwards, the 17cm 
hole will be drilled and the slot will be made 
and tested, the cutting machine being always 
kept in the same position. 

If correlation with results of laboratory tests 
on rock specimens is to be made, it will not be 
advisable to drill the 76mm holes in the position 
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indicated, in order to allow tests of larger speci- 
mens taken from the 17 cm drilling cores. The 
testing of specimens taken along the direction in 
which pressure is applied by the jacks is par- 
ticularly relevant. The dilatometer tests can then 
be performed in holes drilled near the slots, for 
instance in the positions indicated in Fig. 14 for 
a three flat jack test. 
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Fig. 14 


We intend in future to carry out the determi- 
nation of these correlations whenever tests with 
flat jacks are performed. 


3 — DETERMINATION OF THE STATE OF 
STRESS IN ROCK MASSES 


3.1 — Strain tensor gauge 


The technique developed for complete deter- 
mination of the state of stress in boreholes will 
be briefly described. This technique can be used 
at great depths, even over one hundred meters, 
and in waterfilled boreholes. 
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The technique consists essentially in (Fig. 15): 
i) drilling a borehole with a diameter D, till the 
neighbourhood of the point where the state of 
stress is to be determined; ii) drilling a coaxial 
borehole with a small diameter, d = 3.7 cm, and 
a length of about 90 cm, starting at the bottom 
of the previous hole; iii) cemeting on to the wall 
of this hole a plastic cylinder in wich electrical 
strain gauges are embedded, pointing at conve- 
nient directions and connected by an electric 
cable to the measuring apparatus on the surface 
of the grcund; iv) taking initial readings on every 
strain gauge; v) carrying on drilling the larger 
diameter hole to release stresses, so as to obtain 
a core with a diameter not less than 7.5 cm, while 
keeping the cable connected to the gauges; vi) 
taking final readings, to determine the deforma- 
tions caused by stress relief; and vii) calculating 
the state of stress that existed at the point, 
based on the deformations determined. 


5 
ELECTRIC CABLE 


LARGE BOREHOLE 


“ STRESS-RELIEF BOREHOLE 


Fig. 15 


If one wishes to know the evolution of the 
state of stress at a given point a plastic cylinder 
will be placed inside a d == 3.7 cm diameter bore- 
hole, according to the technique described above, 
and the evolution of the deformations measured 
by electric strain gauges will be followed. 

Diameter d of the hole into which the plastic 
cylinder is placed was chosen in order to reduce 
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the diameter of overcoring and therefore its cost, 
but also taking into account the need to use in 
the cylinder electric strain gauges with a small 
rigidity. The diameter of the overcoring core 
should be such as to allow the assumption that 
deformations undergone by the plastic cylinder 
during stress relief are identical to those that 
would be observed if the core had a very large 
diameter. Therefore, the more deformable the 
rock mass the larger should be the diameter to 
be required for the core. 

Cylinders are made of araldite and their 
diameter is 3.5 cm (Fig. 16). A clearance of 2 mm 
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Fig. 16 


is thus left between the cylinder and the borehole 
wall. Ten 2 cm base electric strain gauges are 
embedded in the central part of the cylinder, 
pointing at the nine directions indicated in 
Fig. 17. In this figure the third of the coordinate 
axes Oxyz runs along the cylinder axis and 


TECNICA N.º 383 


contains the two gauges numbered 2 and 8. Four 
superabundant gauges are thus used, allowing 
the measured strains to be verified or optimized. 
There is an extra strain gauge, embedded in a 
small loose prism of the same araldite, free to 
deform inside the metal capsule (Fig. 16). This 
dummy gauge provides compensation for tem- 
perature changes during testing. 


Fig. 17 


The cylinders are cemented on to the rock by 
means of an epoxy cement which after hardening 
presents the same mechanical properties as the 
material of the cylinders. The cement is pre- 
viously poured into the bottom of the installing 
hole or else carried in a container with very 
flexible walls, connected to the far end of the 
cylinder itself (Fig. 18). The cylinder is attached 
to steel positioning rods which force its way into 
the installing hole and make the cement extrude 
through the narrow gap between cylinder and 
borehole wall. Water and drill waste eventually 
remaining in the hole are pushed ahead of the 
extruding cement, leaving behind clean surface 
for the fresh cement to adhere to. The cylinder 
is centered in the borehole by means of plastic 
strips about 1 mm thick (Fig. 16), and its azimuth 
is defined by the positioning rods. 

During overcoring, which should be done 
when the cement has hardened, the positioning 
rods are safely housed in the drill ones so that 
the electrical connexion is maintained during 
the drilling process in order to read the electrical 


strain gauges. Evolution curves may thus pe 
obtained, making it possible to detect irregu- 
larities and to choose the points to be regarded 
as the initial and final readings. 
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It should be noted that after taking out the 
core it is possible to test the quality of the bond 
between cylinder and rock. Transverse and 
longitudinal cuts for visual inspection and even 
for carrying out mechanical tests, may be done 
to test the bond resistance. Once the strains 
e to £,y due to stress relief and measured by 
the electrical strain gauges have been obtained, 
the adjustments of the values will be made using 
the following three compactibility equations: 


“28 + “3 + “5 == “2.8 + E, + = 
= Et E+So 


+; E Eq = 


where :, « represents the mean value of the strains 
measured by strain meters 2 and 8. The six 
components of the strain tensor are calculated 
using the adjusted values of the strains: 


v > 
E, = “28 
Ty =4—8% (1) 


Strains are considered positive when they corre- 
spond to shortenings. 

Assuming an elastic beaviour for the rock 
mass and for the cylinder, the following equa- 
tions were derived to calculate the six compo- 
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where E and », and E and v represent, respec- 
tively, the Young's modulus and the Poissons” 
ratio of the rock mass and of the plastic of the 
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cylinder. Normal stresses are considered as posi- 
tive when they are compressions and the tan- 
gential stresses when they are directed as indica- 
ted in Fig. 19 for 7 


xy “ya A 


Fig. 19 


Principal stresses and their directions are 
easily calculated by computing the eigenvalues 
and the eigenvectors of the simetrical matrix: 
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When the strain tensor gauge is used to deter- 
mine the evolution of the stresses in a rock mass, 
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inversion of signs in the six expressions (2) 
should be made. 

To assess the method with regard to the deter- 
mination of the initial state of stress, particularly 
as regards the bond between the cylinder and the 
rock and the validity of the equations established, 
tests of rock prisms were performed in laboratory 
simulating field conditions (Fig. 20). The prisms, 
made of rocks with different textures, had each 
a 37 mm diameter hole drilled longitudinally, 
transversely and at 45º. They were submitted to 
a constant compression under which the cylin- 
ders were bonded. After hardening of the cement, 
which took about two days, the prisms were 
unloaded by steps, at a rate intended to simulate 
the progress of the stress-relief overcoring during 
the «in situ» tests. The deformations of the sides of 
the prisms were also measured simultaneously 
with the measurements of the deformations read 
by the electric strain gauges embedded in the 
cylinder, in order to control the centering of the 
compression applied on the prisms and to deter- 
mine the elastic properties of the rocks. 


For the two oolitic limestone prisms, fitted with 
cylinders placed transversely and at 45º, tested 
in the conditions indicated in Fig. 21, the com- 
ponents of the state of stress determined from 
the measured strains, by means of expressions 
(1) and (2), and those corresponding to the loads 
applied on the prisms are given in the table 
below, expressed in kg cm?; 


100 ka/cm? 100 Kg/cm?2 


E=556000 ka/cmn? 
V=0,301 
+ 


E-592000 kg/cm? 
V-0,284 


«0... 


E=23700 kg/cm? 
V=0,401 


E:27800 kg/cm? 
V=0,405 


 ropon 


SSSS ”. rr. 


Fig. 21 


Prism with transverse| Prism with cylinder 


An excellent agreement exists for the principal 
directions, since they only differ by 1º. The 
agreement is also satisfactory as regards magni- 
tudes. 

The results of field tests performed on a ver- 
tical borehole drilled in a slightly jointed rock 
mass constituted by a very compact diorite are 
presented. The state of stress was determined at 
52m and 57m the hole being filled with water. 
Using the calculation method already described, 
the magnitudes and directions of the principal 
stresses were determined from the components 
of the state of stress relative to the sistem of 
axes O xyz connected to the cylinders. The values 
obtained are presented below, the two plastic 
cylinders having been mounted so that the axes 
of the system O «,, were parallel; 


Stress cylinder at 45º | i 
compo- Decik Pdididd Magni- Dirertion missa (9) 
nents ator Applied Deter. Applied ep' Ed tudes | 
mined mined im) stresses ' | 
E E E O e tas e mer ii With O, With O, 
o «Zi? o | 50 50 SR Sm ese 
Cy 97 100 0,31 0 > x - | Sm 
52 5 20 70 
E 0,9 0 53 50 e 
S7 09 25 
yz 1,8 0 0,043 0 ammempert msmo 
E oi -20 | o |-o,021 0 Pg úi E “e no 
4 11 80 
E 1,1 | o | 42,4 50 E y | 
5; 00 10 


As can be seen, agreement is very good since, 
with regard to the higher value components, 
errors only amount to 3º in the case of the 
cylinder placed transversely and 15º/ in the case 
of the cylinder placed at 45º. 

In the case of the prism with the cylinder 
placed at 45º, the magnitudes and directions of 
the principal stresses, designated 5, , S, and 5 
were also determined from the components of the 
state of stress determined experimentally (penul- 
timate column of the previous table). The follo- 
wing results were obtained, which are compared 
with the state of stress applied on the prism: 


Therefore the state of stress does not vary 
considerably in either magnitude or direction, 
between the two points at 5 m interval, except 
with regard to the magnitude of one of the 
principal stresses. It should be pointed out that 
an approximately hydrostatic subhorizontal com- 
pression state of stress occurs in the site, which 
amounts to as much as 150 kg/cm*. As to the 
principal subvertical stress we have no expla- 
nation for the great variation observed from one 
point to the other, and it should be noted that 
both values are much higher than the stress 
due to the overburden. 


Magnitudes 


Direction angles 


Principal (kg em?) = 
stresses E ana With O x o with Oy | With O , 4 
imipeninãa aa | Determined | Ap Applied plied | D Determined | Applied | Determined | Applied 
9x 93,9 100 46º 2 45º so 89º 54º | 90º | 43959 | 45º 
5 0,3 o 89º 47º 90º 3 | 0º so 46 | 99º 
S + 9,1 0 43º 59º 45º 89” 42º | e | ap É 44º 
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We would like to stress that the strain tensor 
gauge can be used in the determination of the 
evolution of the state of stress in the foundation 
of a structure or in the neighbourhood of an 
opening during excavation, which can thus be 
controlled. 

Although our experience on the use of the 
strain tensor gauge is still limited, it is enough 
to make us have great hopes in the method 
developed. We think that the accuracy of results 
is satisfactory with regard to practical needs. 

In order to obtain representative results of 
the average state of stress in the rock mass, 
measurements should be taken in points as far 


removed as possible from joints, fractures and 
other features where the field of stress may 
exhibit local disturbances. 

The application of the strain tensor gauge 
method is expeditious, a working group being 
able to determine in one week the state of 
stress in about two points, the number depending 
on the depth of the points and on the number 
of holes being tested simultaneously, 

A paper will shortly be published in which 
the method will be described more fully (Rocha 
and Silvério, 1968). 


3.2 — Thin flat jacks 


With a little extra work the thin flat jack test 
referred under 2.2 can be used for the simul- 
taneous determination of the initial normal 
stress 7 of the rock mass in the plane of the 
slots. It suffices to measure the distance between 
pairs of points such as points 4 and B of Fig. 7, 
and to determine the value of the pressure that 
has to be applied on the jacks to restore the 
initial values of the distances. We will get 7 =p 
as long as the distance a (Fig. 7) is sufficiently 
small. The measurements of the distances between 
pairs of points has been carried out with a 30 cm 
base deformeter developed at the LNEC. An 
initial stress of c == 10 cm” was obtained for the 
three slot test referred in 2.2. 

The determination of the state of stress near 
the surface of the rock mass can be made by 
the technique specially developed for this purpose 
at the LNEC (Rocha, Lopes and Silva, 1966). 
This technique is similar to the one just described 
but the slot made in the rock has the shape of 
a segment of circle (Fig. 22) and it is made by 
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Fig. 22 


the machine shown in Fig. 23 fitted with a 60 cm 
diameter diamond disc. The segment shaped 
flat jacks to be installed in the slot for restoring 


Fig. 23 


the initial state of stress are presented in Fig. 24. 
A series of flat jacks are used by means of 
which the initial stresses can be determined as 
the depth of the slot increases. Laboratory tests, 
in which the conditions under which the technique 
is applied on the site were reproduced, allowed 
to conclude that the values of the initial state 
of stress are determined within an error that 
does not exceed 10º/. 

Compared with the usual technique of initial 
stress determination by means of flat jacks, 
the techniques referred have the advantage of 
reducing rock disturbance to a minimum, of not 
requiring the use of mortar or any other material 
to adjust the plane jack to the rock mass, and 
of allowing the easy removal of the jacks after 


each test. Moreover, if the measurement of the 
variation of the distance between points 4 and 
B is made during the cutting of a slot and if 
the evolution of this distance is known, it will 
be possible, on one hand, to detect possible 
anomalous non-elastic deformations and, on the 
other hand, to determine the deformability 
modulus of the rock mass. The evolution curve 
of distance AB in function of the depth of the 
slot was determined by model tests, assuming 
the hypothesis of elasticity. 


Fig 24 


Contiguous slots can be cut in three or more 
directions, for the complete determination of the 
state of stress parallel to the rock mass surface. 
This technique, of wich some results are presen- 
ted in the paper already referred to, has proved 
very speedy and economical. 
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In comparison with the strain tensor gauge 
method, the determination of the initial stresses 
near the surface by means of thin flat jacks pre- 
sents the advantage of involving a much larger 
volume of the rock mass and thus leading to 
more representative values. This aspect is specially 
relevant owing to the fact that the field of stres- 
ses near the surface of rock masses generally 
exhibits a more marked variability from point 
to point. We noticed that the field of stresses 
can vary quickly with the distance to the surface. 
This may make it advisable to adopt segment 
flat jacks in spite of the flat jacks referred in the 
first place being larger. 
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Este motor não será o maior da nossa gama de fabrico... 


dist. Belarte 


... mas é um dos grandes 
da nossa série 
de fabrico de motores trifásicos 


tra impossivel ser o maior, pois e V A AEG projecta e fornece motores de 
que determina a sua grandeza. Nos accionamentos trifásicos destinados a 
dimensionamos o motor conforme as qualquer ramo de industria e a qualquer! 
necessidades. Poderá ser um motor de solicitação, como p. ex. rápida interper 
3000 kW, 5000 kW ou mais Ao com mutabilidade, ligação directa, arranqu 
prar-se um motor AÉEG, não se adquire dificil, comutação da rede, bem como 
somente o motor em si, como tambem recuperação da velocidade nominal de 
uma experiência comprovada ao longe rotação em carga, a quando de quedas 
de largos anos. Tipo de protecção de tensão 


P23 W. Os nossos motores são à prova 
de intempéries, com refrigeração interna 
Esta protecção é conseguida à custa da 
forma da sua carcaça, a qual protege 
todas as pecas activas do motor contra 
os efeitos prejudiciais da entrada de 
agua e de corpos estranhos, atraves 
dum isolamento dos enrolamentos, insen 


sivel à acção da humidade, por pintura Os nossos engenheiros estão ao v/ 
od prova de intemperies e dum hitro de inteiro dispor para eventuais esclareci 
AEG-LUSITANA DE ELECTRICIDADE ar incorporado mentos 
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RESULTADOS DE ENSAIOS EFECTUADOS NO LABORA- 
TÓRIO DE HIDROMECÂNICA DO 1.5.T. COM UMA TURBINA 


PELTON 
por JOSÉ REBELLO DA SILVA 
Engº. Mecânico 
Assistente do I,.S.T. 
RESUMO SYNOPSIS 


O autor descreve o circuito de ensaio de alta pressão do 
Laboratório de Hidromecânica do IS.T., apresenta uma 
compilação de resultados de ensaios de rendimento efec- 
tuados na respectiva turbina Pelton e estabelece a zona de 
validade dos valores obtidos. 


A entrada em funcionamento do Laboratório 
de Hidromecânica do 1.5.T. permitiu, já no pas- 
sado ano lectivo, que se efectuasse uma série de 
ensaios englobados no programa das Cadeiras 
de Turbomáquinas. Os alunos puderam assim 
observar experimentalmente o comportamento 
dos diversos tipos de máquinas, turbinas e turbo- 
bombas, em funcionamento. 

Parece interessante apresentar uma compilação 
dos resultados então obtidos nas aulas práticas 
da Cadeira de Turbomáquinas II Parte, comple- 
tados com novos ensaios que efectuámos, não só 
para comprovar a validade daqueles, como ainda 
para cobrir zonas que as limitações do tempo de 
aulas não permitiu abranger no programa do 
ano lectivo passado naquela Cadeira. 

A apresentação destes elementos tem como 
objectivo fundamental permitir a avaliação das 
possibilidades existentes no Laboratório. Convém 
desde já referir que as dimensões dos circuitos 
de ensaio foram previstas para permitir, em pri- 
meiro lugar, alcançar os objectivos pedagógicos, 
com aplicação à formação dos alunos, particular- 
mente nas Cadeiras de Turbomáquinas. Com natu- 
rais limitações pode, porém, prever-se também a 
aplicação à investigação — com possibilidade de 
realização de ensaios sistemáticos em modelos de 
características variadas — e à indústria — tanto sob 
o aspecto de inspecção, para comprovação de 
características de funcionamento, como no que 
diz respeito ao projecto, para estabelecimento 
dessas características. 

Vamos começar pelo circuito de alta pressão, 
com uma turbina Pelton de ensaio. Em próximas 


TECNICA Nº 383 


The author describes the high pressure essay circuit of 
the Hidromecanies Laboratory of L.S.T., presents a sum of 
yield essay results, made in the respective Pelton turbine 
and establishes the validity gap of obtained vaiues. 


publicações apresentaremos os resultados relati- 
vos ao circuito de baixa pressão, com uma tur- 
bina Francis e com uma turbina Kaplan de 
ensaio, e ao banco de ensaios de turbobombas. 


1— DESCRIÇÃO DO CIRCUITO 


Na figura 1 representa-se o circuito em corte 
longitudinal e planta e na figura 2 apresenta-se 
uma perspectiva do conjunto. 


Fig. 2 


1d 
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Trata se de um circuito fechado em que a água, 
acumulada no poço de alimentação, é posta em 
circulação por um grupo electro-bomba horizontal 
com as características indicadas na figura 3. A 
regulação do caudal é efectuada através da válvula 
montada na boca de pressão da bomba. 


5 | E 


QeH 
so Es 

E 45 
TI 

> [má 

a 

| ho », 

O 20 o o 0 "SO 6O 70 
mM 
Fig. 3 


A água bombada do poço de alimentação é 
lançada no depósito de pressão, que funciona 
como acumulador de pressão e ao mesmo tempo 
como depósito de equilíbrio, permitindo manter 
aquela constante. A água em excesso retorna ao 
poço de alimentação através da válvula de segu- 
rança automática, cujo valor de disparo pode ser 
regulado dentro da zona de pressões que interessa 
ao circuito. Um manómetro fornece a indicação 
do valor da pressão no depósito e um indicador 
de nível permite observar o nível da água nele, 
Na parte superior do depósito está instalada 
uma válvula de purga de ar. 

A água é conduzida do depósito de pressão 
para a Pelton através de uma conduta de 80 mm 
de diâmetro. Na conduta estão instalados um 
Venturi e um Diafragma, com os respectivos 
manómetros diferenciais U. 

A turbina é de um injector, de veio horizontal, 
e dispõe na sua carcaça de uma parede de 
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plexiglas, para observação do jacto de água e 
sua acção sobre as pás da roda (figura 4). As 
suas características mominais são as seguintes: 


Q — 10,4 1/s. 

H — 46 mC.aA. 

n — 1130 r.p.m. 

P— ca. 3,7 kW. 
D, — 240 mm. 
Piá 6,5 r.p.m. 


A regulação do caudal é efectuada por ajusta- 
mento manual da agulha do injector, feito através 
de um volante. 

À entrada do injector está instalado um manó- 
metro, para indicação do valor da altura de 
energia potencial. O valor da velocidade de 
rotação é indicado num taquímetro, accionado 
por correia a partir do veio da turbina. 

No veio da turbina está instalado um freio do 
tipo Prony, cuja carga pode ser variada manual- 
mente através de um volante. 

O circuito é fechado com o canal de fuga, — 
com 0,30 m de largura e profundidade que varia 
linearmente desde 0,60m no poço da turbina até 
0,70 m à entrada do poço de alimentação — através 
do qual a água regressa ao poço de alimentação. 
Junto a este está instalado um descarregador de 
medição de caudal, sendo a altura de lâmina de 
água, indicada numa escala associada a um 


Fig. 4 


flutuador, que funciona num poço alimentado por 
uma tomada no canal de fuga a cerca de 0,5 m 
do descarregador. 

Imediatamente à saída do depósito acumulador 
está instalada uma derivação com um modelo 
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para demonstração de cavitação (figura 5). Este 
modelo é constituído por uma pá de perfil aero- 
dinâmico, disposta entre duas superfícies planas 
e paralelas, das quais a frontal em plexiglas, para 
permitir observar a evolução do fenômeno, e a 


Fig. 5 


posterior dispondo de um sistema de comando 
manual, através do qual é possível fazer variar a 
orientação da pá em relação à direcção do escoa- 
mento. 


2 — MÉTODO DE ENSAIO 


Realizaram-se ensaios de rendimento, para 
traçado posterior da colina de rendimento da 
turbina, 

Para isso tomaram-se sucessivas posições de 
abertura do injector da turbina e para cada uma 
delas fez-se variar a carga no freio, de forma a 
poder assegurar o registo das condições de 
funcionamento numa zona larga de velocidades 
(procurou-se ensaiar desde uma velocidade ele- 
vada, próxima da velocidade de embalamento, 
até uma velocidade baixa, sensivelmente inferior 
a velocidade nominal do modelo). 

Adoptou-se a representação clássica em valo- 
res unitários, isto é, valores referidos a uma tur- 
bina geometricamente semelhante à máquina en- 
saiada mas de diâmetro unitário D =1Im,e 
funcionando sob uma altura de energia unitária, 
H = 1m. Na passagem dos resultados obtidos 
com o modelo ensaio para valores unitários não 
se considerou, como também é habitual, a in- 
fluência do «ganho em rendimento» devido às 
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maiores dimensões da turbina unitária (*); esta 
passagem fez-se então directamente, considerando 
os resultados obtidos como aplicáveis á turbina 
unitária. 

Para cada ponto de ensaio efectuou-se a leitura 
das seguintes grandezas, necessárias à determi- 
nação posterior das grandezas características da 
máquina : 


— Pressão no manómetro à entrada da turbina 
(Pu). 

— Diferença do nível do mercúrio no manó- 
metro diferencial do Venturi (hy). 

— Idem no manómetro diferencial do Diafrag- 
ma (hp). 

— Altura de lamina de água no descarregador 
(h). 

— Carga no prato do freio (G). 

— Velocidade no taquíimetro (n). 


Nas turbinas Pelton, turbinas de acção, para 
valores constantes da altura de energia estática, 
o caudal é determinado exclusivamente pela 
secção de passagem no injector, pois não existe 
qualquer «reacção» a uma variação das condições 
de funcionamento. Assim, as quatro primeiras das 
grandezas acima indicadas são constantes para 
cada posição de abertura da agulha do injector. 

Registaram-se então, para cada valor a de 
abertura relativa da agulha do injector (referida 
a abertura total), os correspondentes valores de 
G e n. Com estes valores puderam calcular-se as 
grandezas características da máquina, correspon- 
dentes às respectivas condições de funciona- 
mento: 


— Caudal (Q). 

— Altura de energia (H ). 
— Rotação unitária (n, ). 

— Caudal unitário (OQ, ). 

— Potência (DP). 

— Rendimento (1). 


Traçaram-se depois os sucessivos diagramas 1, 
n, e a partir destes, obtiveram-se os pontos que 
permitiram o traçado do diagrama em colina. 


(*) Definimos como turbina unitária precisamente a 
máquina a que correspondem os valores unitários, isto 
é, uma turbina geomêtricamente semelhante de diâme- 
tro característico igual a im, funcionamento sob uma 
altura de energia também igual a mM. 
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3 — EXECUÇÃO DOS ENSAIOS E RESUL- 
TADOS 


Durante as aulas no ano lectivo de 1967/68 
determinaram-se cerca de 450 pontos de funcio- 
namento. Nos ensaios posteriores obtivemos mais 
cerca de 350 pontos. 

No quadro 1 estão assinalados alguns dos 
dados obtidos nos ensaios para a posição de 
abertura total do injector (a, = 1,0). 


QUADRO 1 


aç= 1,0. 

Pu = 3,92 kp/cm? 
hy = 206 mm Hg 
ho = 200 mm Hg 


h ==71 mm 
G n 
Ensaio | | 

| (k p) | (r. p. me.) 

| 
29 | 11 1605 
23 | 1,4 1565 
24 | 1,65 1530 
25 1,95 1490 
26 22 1455 
27 | 2.45 1420 
98 27 1875 
29 | 2,95 1835 
30 3,2 1295 
31 344 1255 
32 3,55 1220 
33 3,7 1190 
34 3,85 1160 
35 3,95 1140 
36 4,05 1115 
37 4,15 | 1095 
38 48 1070 
39 4,45 | 1035 
40 4,6 | 985 
41 4,75 940 
42 49 895 
43 5,0 860 
44 541 835 
45 5,2 205 
46 5,3 780 
47 5,4 755 
48 5,5 725 
49 5,6 695 
50 5,1 660 
51 | 5,8 625 
52 | 5,9 590 
58 | 6,0 555 
54 61 580 
55 6,2 495 
56 6,3 455 
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Quadros semelhantes foram estabelecidos com 
outras aberturas do injector, desde a, =0,0625 
até a, = 1,0, com escalonamentos de 0,03125. 

A partir destes dados calcularam-se as gran- 
dezas características. No quadro 2 indicam-se os 
valores destas, correspondentes aos dados assi- 
nalados no quadro 1, isto é, para a abertura total 
do injector, 


QUADRO 2 
O = 11,01 1/s 

q 

* = 0,88 m CA. 
28 


H = 40,08 m C.A. 
Q, = 30,18 1's. 


Ensaio n; É 

(r. p. m.) (kW) (“/0) 
22 60,9 | 1,80 23,9 
23 59,8 1,61 87,1 
24 58,0 1,86 427 
25 56,5 92,14 49,2 
26 55,2 2,35 54,2 
97 58,8 2,56 58,9 
28 52,1 2,13 62,8 
29 50,6 2.90 66,7 
30 49,1 8,05 701 
31 47,6 3,14 72,2 
82 46,3 3,19 73,8 
33 45,1 3,24 74,5 
34 44,0 3,81 75,6 
35 43,2 | 8.28 76,4 
36 42,3 3,81 76,4 
3 ao | 3 76,9 
38 40,6 | 3,38 7,9 
39 39,2 | 3,39 | 78,0 
40 37,3 3,33 | 76,7 
41 85,6 3,28 75,6 
42 38,9 | 3,23 74,2 
43 32,6 3,16 72,8 
44 51,7 3,13 72,1 
45 | 30,5 3,08 70,9 
46 29,6 3,04 70,0 
47 28,6 3,00 | 69,0 
48 27,5 2.93 | 67,5 
49 26,3 2.86 65,9 
50 25,0 2,71 63,7 
51 23,7 2,67 61,4 
52 924 2.56 58,9 
58 21,0 2,45 56,4 
54 20,1 2,885 54,7 
55 18,8 2,26 52,0 
56 | 17,8 | 211 48,5 
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O valor do caudal obteve-se por leitura directa 
(ou por interpolação) em tabelas pré-estabelecidas, 
com a correspondência Q, hy ou Q, h, ou Q, h. 
Para o traçado das curvas características que se 
apresentam, consideram-se, porém, para valores 
do caudal, apenas os que se obtiveram a partir 
dos dados do Venturi; em próxima publicação 
teremos oportunidade de estabelecer comparação 
entre os vários métodos de medição do caudal. 

A altura de energia H (m C.A.) determinou-se 
pela expressão 


+) 


H = 10 py + E + Eu (m C.A.) 


em que 


C,. — velocidade do escoamento à entrada do 
injector, na secção da tomada do manó- 
metro de pressão (secção de medição). 


ãs . 0,9893785 


“o ) 


EQ 


009378 0*87 


à o “009375 


50 0): 4,51 1jç 


o r0062" 


8o+*0 40625 
O 16.5 Ig 


ão :0,1875 
O, 8a Is 


zm — cota do manómetro de pressão em relação 
ao eixo da secção de medição (no caso 


presente igual a 0,20m). 
o 


A determinação de 2 fez-se directamente, a 


partir do caudal previamente determinado, pela 
expressão 
) 

— = 7,25.105.0? 
28 


(m C.A.) 
em que Q entra em 1/s e o coeficiente foi esta- 
belecido tendo em conta as dimensões da secção 


de medição. 
Os valores unitários da rotação e do caudal 


são dados respectivamente por 


(r.p.m.) 


q= 2 


tendo em atenção que D = 0,24 m, 


Os * 30418 | /s po) a | 
” 
rs 
" dos0,875' | 4 
O++2783 1ys é: Luis À 
ão 078129 
Que263 A — 
o | 
o +50 150 
Õ 
o ça 
89:0,59275 Si q 
04: 2175 ty o, 
“ so 1.40 
o 
o) 
dor0,51125 " 
Or 19 97 tip 
4 so 430 
t 
s 
To +50 


80040625 
o) 


so 


“4 46 48 50 S2 S4 


———> n, trpr) 


Fig. 6 
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A potência produzida ao veio da turbina 
calculou-se a partir da fórmula 


P = 0,73536.10"9. G.n (kW) 


que se obtém tendo em conta que o braço do 
prato do freio tem um comprimento 1 = 0,716 m. 


O rendimento calculou-se pela fórmula 


32 ne em 
30 a 

28 

26 a um ma 
24 

22 


20 


34 36 38 40 42 44 46 48 50 52 


E 102.P 
7 Q.H 


n 


(9/0) 


em que ; é o peso específico da água e as unidades 
de Q, H, e P são respectivamente mºs, m C.A. 
e kW. 

Na figura 6 apresentam-se algumas das curvas 
n, n,, traçadas com os dados fornecidos pelos 


Ka do = 0,78125 


54 56 58 60 62 


mto Ny (rpm) 


Fig. 7 


TÉCNICA N.º 383 


137 


quadros de resultados do tipo do quadro 2. Para 
as curvas traçadas assinalam-se os pontos calcula- 
dos, de que elas constituem o lugar geométrico. 

A partir das curvas 1, n, determinaram-se pontos 
a que correspondessem rendimentos escalonados 
de 2,5“/o em 2,5º/,, a partir de dezenas exactas, 
e marcaram-se no diagrama Q,, n, sobre o respec- 
tivo valor de Q,. Unindo os pontos de igual 
rendimento obtiveram-se as curvas representadas 
na figura 7. 

Assinalam-se nesta figura alguns dos pontos 
que permitiram o traçado das curvas de n = 60º 
en=72,5'/. 

Assinalam-se nela também alguns dos pontos 
relativos à abertura de a, 2 0,78 (Q, = 26,3 1/5), 
em correspondência com os pontos respectivos 
na figura 6. 

As curvas de igual rendimento apresentam, 
como se vê, uma forma acentuadamente alongada 
na direcção dos Q, Q,, o que é característico 
das turbinas Pelton. Isto significa que, para 
valores constantes de n e H, ou, o que é o mesmo, 
de n,, as variações de rendimento são pequenas 
para uma variação de caudal entre limites largos, 
ao passo que as mesmas se tornam importantes 
para variações da altura de energia, ou, o que é 
o mesmo, de n,, para valores constantes de n e O. 
Concretizando, pode então afirmar-se que nas 
turbinas Pelton o rendimento é pouco afectado 
por variações de caudal entre limites largos mas 
é acentuadamente influenciado por variações, 
mesmo pequenas, da altura de energia. 


Esta circunstância explica-se pelo facto de a 
velocidade do jacto à saída do injector ser dada 
por C,=? V 28H, sendo 7 muito próximo da 
unidade e praticamente constante, excepto para 
caudais muito reduzidos. Sendo C, praticamente 
constante, para o mesmo valor de H, os triângulos 
de velocidade mantêm-se muito aproximadamente 
os mesmos e o rendimento é pouco afectado 
pelas variaçõos de secção do jacto, isto é, pelas 
variações do caudal. O mesmo não acontece para 
valores variáveis de H, que implicam imediata- 
mente valores variáveis de €,. 

Na figura 8 representa-se a curva 1 (Q) cor- 
respondente aos valores nominais n == 1130 r.p.m 
eH= 46 mC.A., isto é, an,=40 r.p.m., obtida 
a partir da figura 7 pela intersecção por um 
plano normal ao plano do diagrama e contendo 
a recta de n, == 40 r.p.m. Ao valor do caudal 
nominal, Q = 10,4 1/s, corresponde o rendimento 


n==79,5h e, portanto, a potência P = 3,73 kw, 
valor este que é bastante próximo do valor 
nominal indicado. 


4 — VALIDADE DOS RESULTADOS 


Interessa avaliar até que ponto se podem con- 
siderar válidos os resultados que se obtiveram. 

Para isso é necessário estabelecer expressões 
que permitam determinar os erros de cada uma 
das grandezas calculadas. Estas expressões estabe- 
lecem-se considerando diferenças finitas e en- 
trando nelas com o valor dos erros de leitura 
das grandezas medidas. 

Os erros de leitura são da ordem seguinte (em 
valores absolutos) : 


pm — À pm = + 0,01 kg 'cm? 
hy, — dhy=+Imm 

h, — 4hp=*Imm 

h — àh =+0,2mm 

G — àG =+5gr. 

n — ân =+5rpm 


A zm atribuiu-se o valor zy = 0,20m, ao qual 
corresponde um erro À zy = + 5mm. 

No quadro 3 indicam-se as expressões a que 
se chegou para a determinação dos erros das 
várias grandezas calculadas. Nota-se que no seu 
estabelecimento se desprezaram os erros de cál- 
culo das constantes características, já que a sua 
influência pouco se faz sentir nos resultados 
finais. 
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QUADRO 3 


com K;=0,24 


| 
Grandeza Expressão Erro 
ação 1 
Caudal Q=K.yhy sQ=+0Q.K. 7 
hy 
com K = 0,767 
2 aa 
Energia cinética Ca = Ko O A [E e + < 
2g 2g a E 
com Ki=K.K, = 0,004265 
Altura d i H =10p 1C 4; sH “4. - + Edo 
ura de energia = me = GC A 
” Na o MH =| 10.p "hy 40 
Rotação unitária nn =kK, — an =+n,.K [+ y/ a + K' ! + b ] 
1 . =— ai Be . 3. te o —emm 
VH l "om 10py hy 40 


Caudal unitário 


Potência 


Rendimento 
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Q1=Ka DE Qu = Qu ks | K As ata d | 
H 10Py hv 40 


com Ky= 17,361 


1 
Pes Ki Gb sP=+P,K“. (E +) 
G n 


com K',=5.K, = 0,003677 


an = + m. Kg ES (E+T)+k. + Topo + K' ta | 


com K; = 0,102 
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Aplicando a diversos pontos obtiveram-se, para 
o rendimento, erros de que se indicam alguns 
valores no quadro 4. 


QUADRO 4 
a Ensaio | Sn E (º/0) 
o | | +oss | tio 
E E Sin E 
1,0 | 39 + 0,834 » 1,07 
| 49 j ++ 0,704 + 1,07 
a “o 6 á 0,591 + 1,13 
0,78125 | 25 + 0,880 2 +3112 ] 
32 = + 0077 “+ 
o 14 “+ 0,619 + 12 
0,59375 24 N + 0,944 + 1,21 
o | + 0,830 + 1,21 
Fo 15 | + 0,762 + 1,41 
0,40625 23 | + 1060 dê 1,40 
34 | + 0015 = + 1,40 
E w | + 037 + 2,26 
0,1875 | 24 + 1534 e 2,23 
| 40 | + 1,315 E + 2,22 
| 8 | + 2,024 a 5,08 
0,0625 | 13 “+28 + 5,05 
o 17 E + 1,926 + sa 


Na figura 9 está representada a curva de erro 
relativo em função da abertura do injector, 
definindo a correspondente zona de tolerância dos 
resultados. 

Como se verifica, com as aproximações feitas, 
a validade dos resultados situa-se numa zona de 
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or 0M 


do rendimento 


Fig. 9 


tolerância que, para aberturas não inferiores a 
cerca de 25º/, da abertura total, está limitada 
por um valor máximo de + 2º/o, o que nos 
parece bastante interessante para as dimensões 
do equipamento de ensaio. Apenas para aberturas 
inferiores a cerca de 25º/, da abertura total, é 
que a zona de tolerância se alarga acentuada- 
mente até atingir, nas aberturas mais reduzidas, 
valores limites da ordem de + 5º/,. 
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TESTES ESTATÍSTICOS SOBRE A DISTRIBUIÇÃO 
DE PROBABILIDADE DA POPULAÇÃO AMOSTRADA 


RESUMO 


Expõe-se a utilização de dois métodos de teste de 
hipóteses aplicados à análise de resultados experimentais. 

No caso em estudo a experimentação utilizou um 
gerador de impulsos de ocorrência aleatória com o fim 
de determinar se a sequência de impulsos do gerador se 
pode considerar um processo pontual de Poisson. 


1. INTRODUÇÃO 


Segue-se a exposição de uma forma de análise 
de resultados experimentais no sentido de ava- 
liar a sua compatibilidade com hipóteses teóricas 
de probabilidade. Recorrer-se-á a dois métodos 
estatísticos largamente conhecidos e ilustrar-se-á 
o texto teórico com uma aplicação concreta rea- 
lizada no Centro de Estudos de Electrónica. Este 
artigo relata, portanto, a utilização de métodos 
estatísticos na investigação experimental em curso 
no Centro de Estudos de Electrónica e, por outro 
lado, é dedicado aos alunos da cadeira de «Pro- 
babilidades, erros e estatística», do 1. S. T. com o 
fim de dar exemplo das aplicações e de indicar 
as potencialidades existentes na matéria daquela 
cadeira. 

Justifica-se, pois, que a parte teórica tenha um 
fim meramente introdutório e de apresentação da 
notação; a bibliografia indicada poderá servir de 
guia ao estudo aprofundado dos assuntos expos- 
tos. A aplicação citada refere-se à efectuada no 
Centro de Estudos de Electrónica com um gera- 
dor de impulsos de ocorrência aleatória. A ques- 
tão posta após a construção do gerador resumia-se 
a saber se a distribuição experimental podia ou 
não ser imputada à distribuição de Poisson. A 
utilização da análise indicada permite concluir que 
os resultados experimentais de que se dispõe 
não rejeitam a hipótese teórica, isto é, a experi- 
mentação feita é mais favorável à aceitação da 
lei de distribuição de Poisson de que à sua re- 
jeição. 
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SYNOPSIS 


A notice of the use of methods of hypothesis testing 
is given in connection with the analysis of experimental 
data, Specifically the data was obtained from a random 
occurence pulse generator in order to determine if 
the pulse sequence could be considered a Poisson point 
process. 


2. CONSIDERAÇÕES GERAIS 


Considerar uma experiência aleatória com es- 
paço de resultados $ e uma partição com- 
pleta desse espaço pela família de acontecimentos 


k 
A, com i:N (*). Teremos, portanto, o seguinte 
esquema ou matriz de probabilidades 


PA A Ay «My 


(1) 
LP, P, P3 «+ Pr 
em que 
vieN'— p, =Prob(A,) 
k 
2 p;=1 


i=1 
k 


visto a partição completa exigir que EM A, = 

= Ve que Vifj + A,N A, = g (aconteci- 

mento impossível ou subconjunto vazio). 
Considerar que se realiza várias vezes a expe- 


riência aleatória e de tal forma que os resultados 
das várias repetições se possam considerar como 


k k 
* Se k for um número natural por N e porN. 


indicam-se os conjuntos de números inteiros assim 
definidos: 
k | 


pk | 


Se k for o símbolo co o conjunto de números 
inteiros não tem limite superior. 


Nº = | 1: 9) ev 
Ko = À O, 1,5)... 
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acontecimentos mútuamente independentes. A 
realização repetida da experiência conduz a uma 
dada frequência absoluta n, para cada aconteci- 
mento A, da partição e pode-se dizer que se 
obteve experimentalmente um esquema de fre- 
quências absolutas expresso pela matriz 


| A, A, À, As | 


n, DN, hn; ... ND | 


(2) 


-—— 


O número total de repetições da experiência alea- 
tória é igual a n= 


Para verificar se estes resultados experimentais 
são estatisticamente compatíveis com a distribuição 
teórica de probabilidades vamos recorrer aos 
métodos da estatística indutiva conhecidos por 
ensaio ou teste de hipóteses. Estes métodos vão 
permitir estabelecer o grau de confiança que a 
distribuição de frequências (2) nos dá àcerca da 
hipótese teórica expressa na distribuição de 
probabilidades (1). 

Os testes de hipóteses a que nos vamos referir 
neste artigo baseiam-se na distribuição multi- 
nominal o que exige uma reestruturação do 
problema. Continua-se a admitir que as frequên- 
cias absolutas resultam da realização repetida de 
uma experiência aleatória. 


Considerar o resultado de cada uma das 
k 
n= 5 n, experiências expresso pela variável 
| 
aleatória k-dimensional W, 


W, = (X,o Xoyjo Xgjr ccos Xi) (3) 
obedecendo às condições 
a) VieN =X No; (4) 


Notar que a realização do acontecimento A, na 

“A . . . ê . . 
experiência de ordem j (j:N ) implica que 
Verifica-se, portanto, que as variáveis aleatórias 
W,; obedecem a uma distribuição multinomial 


dependente de um parâmetro p , k-dimensional 


+ Py) (5) 


que obedece às seguintes condições 


P= (PPP; 
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b) Vi: Nº =» p; é [0;1] (conjunto dos nú- 


meros reais pertencentes ao intervalo 
fechado); (6) 
k 

b) 3 p=1 


A função de probabilidade pontual é função de 
k variáveis independentes (o vetor X) e possui 
um parâmetro k-dimensional que é vetor p 


obedecendo os k argumentos da função de pro- 
babilidade pontual a 


E “nl 
c)VieN e dA 
k (8) 


Verifica-se também que a função de probabi- 
lidade pontual é independente do índice j. 

Temos, segundo esta forma de encarar o pro- 
blema, um parâmetro k-dimensional que é des- 
conhecido e a questão é verificar em face da 
amostra 


= (Wi Woo Was caWN A) 


(9) 
em que os elementos são em si k-dimensionais, 
se é ou não admissível para o parâmetro p um 
dado valor 


Do (Pa Paiao ro Pago) (10) 


Apresentam-se seguidamente algumas noções 
que permitem enquadrar este problema na lin- 
guagem própria dos testes de hipóteses. 

Os testes de hipótese formam um capítulo da 
estatística indutiva ligado à teoria da decisão que 
tem por fim o estabelecimento de certo tipo de 
estratégias de decisão. 

As estratégias são funções com domínio no 
espaço das amostras S (um conjunto de resultados 
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